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TESTS OF EXHAUST PROHJLSION

By paul J. Campbell

.SlJMM4RY

NOZZLES

The tlqwst produ ~d by a variety of exhaust staoks and
nozzles, and the effeot of these staoks and nozzles on the power
of a single-oylizilerR-2800 engine were investigated uver a wide
zvmge of engine speeds and msnifo3d pressures in d series of
tests In the Pratt &Whitney experhental test department. From
the data obtained it is possible to esttite the opttim form of
nozzles and the available thrust for airplanes fitted with R-2800
engines under sea-level ooaditiorm~

The apparatus is shown in fi~re 1. The mean thrust of the
exhaust gas on the engine v.msmeasured Indirectly as n foroe in
the opposite direotion a~inst a swinging target. The mean foroq
against the target was balanoed by positioning a weight on a
horizontalarm, keyed to the shaft from whioh the target was sus-
pended. The position of the weight was thus a measure of tho
thrust- The target and arm mre supported on ball bearings.

The tsrget was designed on the basis of previous experience
with targets on compressed air nozzlos. Unless tho jet is dis-
pcrsod within the target, the entire flow tends to leave at the
rear, and ab is aotually drawn k throug??the remaining spaoes,
oausing the target to indioate more than the true reaotion. To
avoid this error, the target was protided with an internal oup-
shape baffle as shown In fi~re 10 Calibrations with oomprossed
air over a range of flm~s from zero to more than three times the
maxhum mgino exhaust flow provod that tho dosign was satisf’ao-
tory. Later, observations of flames leaving tho target indioatcd
that gases loft the targot uniformly and at substantially right
angles to it.
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Thb target was enoloaed In a 26-oubio-foot water-jaoketed
ohamber, where the exhaust We waa oooled by sprays of water
before being disohargod through the roo~. Tha top of this
ohamber was provided with wRys so that the tnrgot oould be
looatod at mrious diatanoo8 from the oylinder,

The tinting “was done on the S-1? 2800 ainglo-oylinder engine,
mountod on the X-42 odd,v-ourrent-emoter ● Er?tie parts of
particular importanoo to thuw maw a? i’ollowos

cylhdm= 57’708” R4m&tal timing of oam:
Piston $47 and 37@3 ~+~e op~~s 20° B.T.C.
Cam Mtako O1OSCS 760 .4.B.c.

Exhaust Opens 76o !3.B.c.
Comprest3ionratio X6 6-7 Exhaust oloses 20° A.T.C.
Spark advanoo uL\s2Go

Engine aooeasorios wore similar to thoso usually used for
singlo-oylindor testing by Prutt & Whitney. Combustion alr was
supplied fra tho factory oomp?essor~ ti~ough a roduoing valve,
a Roots meter, and an elGotrio heaters Fuel and water cmmunption
ware rwasured by rotmwttrs.

The exhaust nozzles wme maohined of steel. The various
shapgs of exhcust staoks wero built up frcnnsheet steal and
steel tubing. Theso c.reall sham in figuro 2. Tho entranoe of
all staoks and no~zles was the snme diamctor as the exhaust
port nf the cylinder. The area of this port was 4.67 sqtiareinohes.

ME’f?m

In order to find wlmther tho tnrgct would moasuro aoouratoly
the thrust due to a jot, it was first oalibruted with a con-
tinuous jet of air. Both the titake and tko ofiust VCIVOS mro
blookod opon and, with the cngino not running, air was blown
through the oyllnder cnd nozzlo Into the target. Tempcraturo
and total pressure wero mec.surod in tim pipe ah~d of tho nozzle~
From those measurements and the flow of air through tho Roots
motor3 it was possible to oalculate tna tl.rustof ths jot. It
was found that tho thrust indioatod by the targut vm.s~bout 95
porcont of tho thoorotioal. NO mthed V.ZSavr.ilcblcformakhg
a similar ohook with discontinuous flow, so tht it was nooossary
to assume that the target would indi~to the mecn of a pulsating
foreu with equal acourccy.



, –- ---- -_

3

.When ~ing tho tests, tho engine was run at oonstarrlispeed
ald the titah-~ort pressuro was varied from 30 inohos of memury
abaoluto to the-detoht ion llmit for pursuit grade fuel.
ditions of operationwere as followss

EngUnospoed, ram*..... . . . . . . l~oo 2550

I’uel-airratio ”O~9. - . . . ..OO 0.(%5 O.oag

Intake-air temperature, % . . . . . . 200 200

Roar spark-plug ttiperatum, ‘% . ● . 4~o ~oo

The teds oovorod a period from July 2S, to Now*or 10P

AWIXSIS Ol?RESULTS

Thrust a@nst Nozzle Area and Staok Langth

Tho exhuust @s thrutis for nrious ocmbinations of

ccy.-

2700

0.085

200

ya

1942+

nozzles
and straight exha~st staolcsaro shown in fiLwrcs 3 to 12. Those
curves oovor a range of speeds from @O to 2700 rpm, and a
range of intnko-port preosuros frmn 30 to ~ inches of mcroury
cbsoluto●

ItIis apparent from these figurcm that the thrust may be
inoreased by roduoing the exit area of the uozzle. Kowcver, if
th nozzle area is nmdo extromoly smnll, the thrust may bo
dG0r0LGf3dbooauso of redl~oedair oormnnptionof the engino~
ThiG uffoct is gro~tor Rt high ongtie power cunddoes not appoor
ct all h tho runs at 1500 rpm,

.
The thrust is more sensitivu to variations of nozzlo area

when the exhaust pipe is short. For example, oompare figures 3
and 8 for pipo lcn=@hs of 14 and SO inches, rcmpsotivoly, If
the pipe exit is not restricted (4.67 sq. in.), the long pipe .
producos Q groator thrust. As the exit aren is dcoreased, tho
thrust of the long pipe Inorames very little and finclly falls
off at an exit area of 1 square inoh~ The thrust of the short
pipe,.however, inoreases rapidly as the exit c.reais.daoreaeod
and rhetz above tho thrust of tho long pipe”. This trend is shown
difforontly cs ourves of thrust aqinst stiok length in figuro8
11 and 12. Hero It is apparent that inoroa8ing the 8taok length

I — - .— —
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oausos an tioreaso in
deoracse in thrust If

thrust if the exit area is I.argo- a
the exit area is small.

Engtie Power.against Nozzlo Arm and Stack Length

Figures 3 to 12 also oo~tiin plots of engine powm% M is
evident W* when the nezzle area is reduoed below a oertain
vulue, a serious loss of englno powor rcsultf3= This oritioal
value of nozzle area depends on the engino speed and intake-
port pressure and, yro~ably$ on tho baok pressure. At 1500 rpm
and 30 inohos of’meroury titake-port pressure (figs. 5 and 10),
the oritioal r.roais evidurtly less tkn 1 square tioh, At
2550 r~mand 30 inohcs ofrmrcury (figs. 4, 7, and 9) tho
oritionl area i8 cb~t 3 6q~lre hdL~6S Of partioulmr importauoe,
howover, b the faot that for rUIInillg at 2700” rpm at intake-port
pr6ssures a50vG 40 inohos of morou.~, th3 critioal area is
evidently reatm thn ths area of tho unrestriotod staok (figs.

B3, 6, and ). At thesa VJluiIsof ergir.opower, my reduotion
whatcivorof exit a?ea oauscs appreaiabla pvcr 10ss9

The offoot of exit area on power is also rolnted to tho
length of pipe botwoon tho oyltnder and :1OZZ1O, In figmes 11
and 12, the followtig trerds my b:.o?)servodc If tho exit iS
not restricted, the lar.gthof pipe (up to SO inB) has no effeot
on power. When the exit ar~u is modm’atoPJ roduood, there is a
oritio~l lenggh of ?i~e above whiuh power drops ranidly. This
oritiocl length is moh moro appzrmt when mgino pm.veris high.
If the exit urea is umdo oxtrcmcly smll, the =ff~ot of lmgth
is reversed; that is, power inorcnsos with inoroasing length.

Tests of Various Shapes of Staoks

,
111addition to straight staoks with nozzlos at tha exit, a

number of other shapes woro tastode

J3ranohods%oks. - It ie usually impoQsi_alcin nn airplano
to provi=-ny exhaust outlets as t?horoaro oyli~dors,
Cotioquently, it is oustommy to oonncot ths exhaust pipes from
alter?mtely disohnrging oylindors into n oomuon outlot, To
simulste this praotioo, tosta woro mnde of n number of branohsd
pipes to dotermino their offoot o??power and thrust. Thcso
pipes arc shown in figure 2. The added b@nohos wore olosod nt
the ond *O simlato the olosod exhaust valve of the altcrn-.tely
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disohsrging oy15nder. The”results me shown h figure 13~ The
ef,feoton thrust v.’asnegligible. The effeot on power, however,
was a slight, but oousistent Inoreaoe for staoks 2 and 3. When
the branohod staalcswere replaoeilwith a short singlq,staok the
power dropped baok to its original value● There is apparetily
some quality about branohed pipas whioh giwwm a sllght power
increase. It my be tkkt a oolunm of gas is ocmrpressedh the
branoh during the first part of the disoharge pariod, whioh
later sots as the prinmry fluid in an ejeotor to suok gas out
of the oylinder during the latter part of the period. Whether
or not the presenoe of aa alternately disohrging oylhder wrmld
ohsnge the results is not lcmwn~ Thsre oan bc little doubt that
thrust would be doubled when two nonoverlapping oylMers are
oomeoted to one outlet- At least, it seams Mkely that branohed
stxaoksattaohed to nonm-erlapplng oyl~ers of an engine would
not be detrtiontal either to power or to thrusts

&oag restriotionsa - An exhaust pipe, restrtotod for most
of its len@h, has been reooimended M! a flame auppreo80r,
Although flc.~eobservutiono it this ap.yirutusvmre meaningless
beo.use of ths prcsenoe of the target, two of this type of pipo
were tested for their sffeot m thrust and pcmer~ These pipes
are shown in figure 2- In eaqh, the rectriotion extended from
a point 8-3/’4 inohes from the oylindor to the exit, SO inohes
from the oylinder. The results are shovm in fi.mro 14. The
offoot on rumor W-W ~hol~ttho sam GS the effeok of a nozzle of
the same area at tho end oi’a 2~44-inoll-diamute~pipe. The
thrust, howovol”,was incroaaad %~pwciably. This imorease does
not teem lo~ioal, b“~tit was obsorved oonsistcntly over a wide
range of intake-port prcsaursso

i~o. - !lnmany of the Rolls-Royoo installations
the e%;- gas pcssGs through an enlarged chamhr boforc enter-
ing the nozzlss. A similar arrangement -s tested In this
apparatus. Itwus ,mdo in the form of a gradually expandtig
sootion, followed by the nozzlc~ (See fig. 2.) The results are
shown in figuro 13, The effoot on thrust wus negligible. The
power, however, appears to ham been slightly iaorwisod.

into ~–
Water in eotion. - TIM offeot on thrust of tijeofxhlgwater

take ‘mm determined for one of the long-throat
nozzles, Water was injeoted oomtinuously into tklo intake pipe
through a spray nozzle at c rate equal to 35 peroent of the fuel
rate. Other running conditionsworo not ohanged. Tho results
tm3 shovm in figure 1~~ Itwill be soon that the addition of
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water oaused a slight loss of power, at the same manifold
pressure, and a slight inor~aso in thrust~ The thrust obtained
inthia runms muarkably high, reaohiag a mximum of 2g pounds
at the detonation limit. The tioroase in thrust was greator
than the inwwasc in nnss flow, due to the eddition of ‘fator.

Selaotion of~zle cize. - Bztwst nozzles should bo
dcsi~=so thfi+=thct=%ust pomr delzvered by tho propsllor
and exhaust ws is a maxtim lh3 dosi~n condition will usually
he Iovel ~li~ht at oritioal altitude at normal or military pcwcr.
If only this ono flight ormlition is ocmsiderad, it will ofton
appear dosirablo~ uxpecitil.lyab nornwl powwr, to rostriot the
exit 3n ordar to gain IE mlx.ust gc.sthrust nt tho saorii’ioeof
littlo or no ~ropellur po.tar.

However, if the noz=lo arm is ohcsor!o]:tk.isbasis, the
airplano perfor.wmo :w.ybe seriously Lmpaircd at lower Epoods
at uilitary ~w.vcr,suoh BP in take-off and clinib. Thmwi’oru9
it is neoessary to oonq.rcr’is~in tho r.ror.o? the nozzlcsa Those
tests indioato that the !xst o~lpitomi~ewill usually be no
restriction whatcvm at the staok cxitg Thi3 UOllOIUS~Oil iS

particularly a~plioablo to long cxlw.uststaoks, where the gain
in thrust du~ to a rcduotion of aroc oould not offset the loss
of er.gir.opcmcr at nilitmy rating, oven at high speed.

?uwer inoroase duo to exhaust thrust. - The power whioh the
Oxhzust-gas thrust delivers to the uir?laro is simply tho procluat
of the tkrust a-lathe nirplsne vclocitye For exsmple, an
urirestriotedst~ok 50 inches long vroduoos n thrust of 1506
pounds at soa lo~el at military power (fig. 8), or 2!30pounds
for the multioylindor engine. At 400 miles per hour, this thrust
would produoc 300 horsoFowerO Ho engine pamm has been lost~
so tht kh~ net @n h thrud po??uriS 300 k)I%ODOWW. If
propeller effioienoy is 00 pf3roont,and the engine is delivering
2000 horsaporfer,tho net gain is 18 peroent. Kuoh greater gains
my he cxpeotcd !’.tcltitudec
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Baok Ressuro

.. ..-. .._- .. . . -.. . .
The oxhmmt baok pressure, as measured by a-manometer oon-

noatmd to an exhaust pipo nom a aylind~r, has been used ae Q
stantird in the design of oolloatorsand for aonparing engine-”
pawor losses. “Thare are two rcmsons why this noasurement ehould
r@ bo usod~ Fixst, it is generally Inqmssiblc to noasuro tho
moM of a rapi&ly vuying prossurz with n ~nbOr8 In previous
teats qado by the United Ai.roraftCorporation (Rep. R-54, Feb.
1941), a ruznon&x3rmecxnuxwmnt of nom mhaust pros3uro was
compared with the truo -n obtainod by intogrntimg &n indioator
oard; the error was over 700 2ormnt. Soacmd,ovan if the mano-
neter did indionto the %ruo man, it still would be a poor
oritosiou for aampcring mgino power 10S6OS boaauso the puwer
loss clopondson the beak prosauro during the last pwt of the
oxhnust stroko, and not on th moan pressureo

Wok pressures woro ~usured”i.n these tests In the
oustonary u%-.nn.~rby z rmraury mnomtor oornmotod to tho exhaust
pipe near the aylindur. Sam oi’tha results nro shcwm in figuro
~6. It will ba observed that the same pow.r loss or thrust aay
b3 obtp.incdat r~ny dtif~re~it ~-nluoaof baok pressure, dopendtig
on the sizo and shapo of tho o%hnuat stao!c. Convcrsoly, u given
VUIUO of beck pressuro my correspond to widely diffcront values
of thrust ar.dpower loss for diffcwart staoks. For oxc.nplo,ak
a baok.prossuro of 1.6 inohos nf norauq~, the povmr 10SS is zero
for the ~0-inah str.okwith no rcstriaticn, and ~ paracnt for
the 14-inoh stac?cwith cn exit arm of 2.9 square i.nahos. The
r]spoativo thrusts aro 15~6 pounds nl.d17*C pounds~

Parm3tors

In reforonao 1 it wna poaaiblo to oorrelcte a largo number
of teat points for vnrloue nozfiles,~ngino spocds, MmJco-port
prmssuros, and exhauat preaaures by tho use of two pcrmotora
whose units nra faot per seoond. Tlmm parmetwra ares

Man exhaust--s jet vvloaity ~c, cud the funation P&

q
70 tlmu3t/(ncss flaw of exhaust), foot pcr aooond

Pa atnoaphorio pressure, pounds per aquaro foot
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A nosale area, square feet

Me muss flow of exhaust, slugs per seoond

The nean exhaust-gas jet velooity represents the equivalent
steady velooitywhioh would produoe the observed thrust at the
sane mss flow. The sewxnd parameter is the reciprocal of the
expression for velooity in tho continuity equntion (with the
addition of ~r[LVityand the odsaion of temperature and the gas
oozmtant). When th.ssopcrar.eterswere plotted against eaoh
others the potits in referenoe 1 all foil on L snooth ourve,

When the dati fromtho Pratt 41~hitneyte~ts are plotted
in this way, the pointe for difforeut lengths of exhcust pipe
should fall on separr.teourves bemuse of the observed differences
In thrust. Plots are shown b fi~-cs 17 Rnd 18 for pipe lengtlm
of 14 inohos and 50 tiohes, re6pectively~ The plotted points
oover speeds frmn l~OC to 2700 rya, nnd intckc-port prussures
from SO to 57 inches of neroury nbs~lu+e~ T!lepoints for the
respective Fipe lengths will ho seen to f~ll fairly near two
separate ourves, similar to the ourve h reference 1- If indi-
vidual ourves are drawn throuCh the dntr.for each speed and
nozzle, it will bc observad that r.~ostof them oross tho mean

,~ OIUIWO At high ;l~~rs tl:~~’wsuu tind to hook ati roverso thti
dtieotion~ The dirootlon ‘inwhioh they cross the rman ourvo
evidently clepeudson the length of pips. Tho individual ourves
for tha 14-inoh ?ip~ tom? to be L~oronecrly horizontal thnn the
j~eaaourve; for the ~C-inoh nipo they are moro nearly vortioala
The faot that the tests of’r.~forcnoe1 wore mde with rin
intermediate length of pipe my ehplain why better correlation
WAS found.

The vnlue of c plot of this type iS that it orwblcs tho
user to dotcrnim t% tilrustI’orgiven yalu3s of nozzle area8
altitude prosauro, and exhcust mass flow. Huwcmer, until it
is oonfirwd by noro extonsivu testing, it should bu used with
oaution for extrone oonditionss In reforonoc 1 exoollent
oorrolationwas found at low engine power and nt exhaust pressures
fraa 30 to 12 inohes of ncronry absolute. The Pratt & ?lhitncy
tests at sca-lmol cxhmast prassurc and high cnghm por.wrgive
only fair oorrelr.tion~ Just howwoll thoso ourves would represent
the thrust at luw exhuust pressuro cnd him cnglne powor remains
to bo laarncde
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CONCLUSIONS

.. ---- l------- %. . . . .,

1, Tho thrust produoed by an exhaust nozzle for given
engine-operating conditions depends on its exit mea, the
length of pipo betwmn the oyllndor and.nozzle, and on tho
length of the roduoed-rea scotlon of the nozzlos

2. Tho effect of an exhaust nozzle on mgine powor “
dopmds on its exit area and the lmgth of pipe botweenthe
oylindor and nozzle-

38 Byapoper ohoioo of exhaust-pipe lmqgtihan.dnoszle
size, it is possible to produoe G foroo equivalent to a oon-
ti.nuouathrust of approxhtely 15 pounds per oylhder at the
prosont nilitary rating of the R-2800 engino at sea level
without any loss In ongim power. At 400 tiles per hour, this
amounts to 300 horso~ower~ Grmter thrusts my be oxpootod
at altitudc~

4. In gonoral, restricting tho etaok outlet doos not
appear to be cdvlsable booause of the adverse oi’footon tcko-
off powurc

~. At a gi-.mnrnnifold procsuro, the Injeotion of water
into tho intake pipe mmsos a slight irmrcasu in efiaust ga~
thrust.

6. TIM practioo of joining exhaust staoks from non-
owrlapging oylindors into a comon oxlt appears to bc ontircly
satisfP.Gtorym Thoru is sozcmcvidanca thut this system nmy
aotually inaroaf30cmgino po-:mr~

7. The moan oxhust baak pressure,.aa masured by a mmo-
mctwr in an individual staok, doos not dotormino oithor the
thrust or the o-ngknomwor loss-
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RECCWEKMTIOHS

Shoe tho only am ilable datn for predicting exhaust
thrmt and power loss at altitudo are based o= tests of a Wr2@t
1820 oylindor nt luN spooifio output (roforcnoo 1), it is
rooommndcd tl~cttests @f m R-2800 oylinder at high speoifio
output bo oonduotcd undciraltitudo conditions, similcr to the
scm-lcvol tests rcyortod horoim

Rosenroh Ditision,
United Airoraft Corpcm’otion,

Eat3tHartTord, Ceruh

R2E’i3m?cE

1. Pi.nkol,Bcnjnr.in,‘Turner,~. Riohard, and Voss, !?rod:
Dosiga of Mozzlos for tho Individ’lalCylinder Exhaust
Jot Propulsion &ystom, M(2A hCR, April 1941.
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